ABSTRACT: A Chinese-Brazilian Earth Resources Satellite (CBERS) and an Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) scenes coupled with ancillary georeferenced data and field survey were employed to examine the potential of the remote sensing data in stand basal area, volume and aboveground biomass assessment over large areas of Pinus radiata D. Don plantations in Northwestern Spain. Statistical analysis proved that the near infrared band and the shade fraction image showed significant correlation coefficients with all stand variables considered. Predictive models were accordingly selected and utilized to undertake the spatial distribution of stand variables in radiata stands delimited by the National Forestry Map. The study reinforces the potentiality of remote sensing techniques in a cost-effective assessment of forest systems.
INTRODUCTION
There is a need for reliable monitoring of forest biomass, in particular to support requirements related to sustaina ble forest man agement and ca rbon (C) accounting. Forest inventories and remote sensing (RS) are the two principal data sources used to estimate C stocks and fluxes for large forest regions. In general, among the different terrestrial ecosystems, fast growth species, especially coniferous, are major C reservoirs (LACLAU, 2003) .
On the whole, the specific objectives of the present work are 1) to analyse the significance of possible relationships between field-measured forest variables (basal area, stem volume, stem biomass and aboveground tree biomass -within the C storage) and the visible to shortwave infrared Chinese-Brazilian Earth Resources Satellite (CBERS) and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data in Pinus radiata D. Don stands located in El Bierzo (Spain); 2) to evaluate the potential of estimation of stand attributes by fitting adequate model equations derived from the satellite data; and 3) accordingly selecting some of them to outline the spatial distribution of the main stand variables from one of the scenes.
MATERIAL AND METHODS

Study area and dataset
In El Bierzo, located in North-western Spain, climate and decline of agriculture have favoured the establishment of extensive commercial forest plantations. Even if relatively
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recently introduced in the region, radiata pine currently occupies an area of approximately 150 km 2 in the region (Figure 1 ). To achieve the objectives, three types of data were used: forest inventory, satellite data and ancillary data. Initially, during the early winter of 2003, a network of 45 permanent sample plots was established by the University of León in pure radiata pine plantations of the area of study. The plots, subjectively selected to cover adequately the existing range of ages, stand densities and sites, were rectangular, and sized between 200 and 900 m 2 (mean size, 361.4 m 2 ), depending on stand density, to achieve a minimum of 50 trees per plot. Limits avoided stand border effects.
Regarding the satellite data, two scenes were used: 1) an ASTER level 1B scene acquired on 14 September 2003; and 2) a CBERS Charge Coupled Detector (CCD) collected on 4 November 2004 (see Table 1 ).
Concerning the ancillary data, a GIS shapefile (i.e. points layer) was generated from the coordinates of the permanent plot network. Additionally, a total of 15 ground con trol points were selected from a vaila ble ortophotographies (0.25 m spatial resolution) to adequately verify the geometry and co-registrate the RS scenes to the ground data. Besides, ortophotographies assisted in the definition of the endmember spectra used during the unmixing process of the RS image. In this respect, an extra useful source was a digital terrain model (DTM) (50 m spatial resolution) that assisted the ASTER topographic corrections. Finally, from the National Forestry Map (NFM), a polygon layer of radiata stands was extracted, imposing radiata pine as main species (which assures that above 90% of the stems in the stands are radiata stems). This layer was overlaid to the RS scenes, permanent plots shapefile and ortophotos to contrast spatial resolutions and guarantee consistency of the complete set of georeferenced data.
Method
As Figure 2 displays, there are four main steps in the proposed methodology: field data processing, image processing, statistical analysis, and spatial analysis.
Field data processing
The stand variables measured/calculated for each plot were: age (t), site index (SI), number of trees per hectare (N), square mean diameter (d g ) and mean height (Hm), stand basal area (G) and volume (V). Total volume estimation implied estimation of total height of the trees not directly measured using the generalized heightdiameter relationship locally developed by SevillanoMarco et al. (2009) . The computation of aboveground tree biomass fractions was determined by applying allometric relationships developed by Balboa-Murias et al. (2006) for the species in Galicia using destructive sampling methods. Carbon pools in tree biomass were esti mated by fra ctions as a percent age of the corresponding aboveground dry biomass using the reference found for radiata pine by Ibáñez et al. (2002) which states 49.7 g C for every 100 g of dry wood. Mean, maximum, minimum and standard deviation for each of the main stand variables used in the study are shown in Table 2 . Sevillano-Marco, E. et al.
Image processing and satellite-derived data
Concerning ASTER data, crosstalk, atmospheric and topographic corrections were performed. The rectification process results in an overall root mean squared error (RMSE) of less than 0.5 pixels. In addition, pansharpening was directly applied to the short wave infrared band in order to merge the scene into one image of 15 m resolution; and the following Spectral Vegetation Indexes (SVIs) were calculated: Normalized Difference Vegetation Index (NDVI), Green Difference Vegetation Index (GNDVI), Normalized Difference Moisture Index (NDMI) and Simple Ratio (SR) ( Table 3) .
Regarding the CBERS CCD data, the image was coregistered with the field plots and the rectification process resulted in an overall RMSE of less than one pixel. Linear Spectal Mixture Analysis (LSMA) was applied to the corrected image. We defined three endmembers (soil, vegetation and shade) whose spectral signatures were mainly obtained from the scatter-plot of the original image. In addition to the fraction images (vegetation fraction -UV-, soil fraction -US-, shade fraction -UW-), the following indices were calculated: Global Environmental Monitoring (GEMI), Soil-Adjusted Vegetation Index (SAVI) and NDVI (Table 3) .
Finally, an average 3x3 filter was applied to the original bands, SVIs images and fraction images as a previous step to the extraction of digital values for the field plots surveyed. These values, stored with the information supplied by the field inventory, constitute the complete work data set corresponding to the ASTER and CBERS CCD scenes to be statistically analysed.
Statistical analyses
First, a Pearson's correlation matrix was used to verify the existence of relationships between the RS data and the field data. Afterwards, predictive linear and nonlinear regression models (Table 4) were tested for estimation trials, quantifying the relationships between stand variables and reflectances.
As Pearson coefficients do not show but linear relationships between two variables and considering that some models imply more intricate relationships between 
L=soil constant set to 0.5 Note: The symbols of the formulas of SVI apply to the convention adopted in bands quotation as shown in Table 1 . for ASTER and CBERS images bands. Some of the SVIs used are not applicable to both images (see Table 1 ) Table 4 -Tested regression models. numerical analyses and residuals graphical inspection. Three goodness-of-fit statistical criteria obtained from the residuals were examined: coefficient of determination (R 2 ), RMSE, and mean percent standard error (S%) (SEVILLANO-MARCO, 2010) .
Tabela 4 -Modelos de regressão testados.
Base model References
A subsample of 25% of the training plots of the field data set was subsequently used for independent validation. The same statistics that served as decision criteria (R 2 , RMSE, S%) were calculated for validating the models that had previously best performed (FREITAS et al., 2005; HEISKANEN, 2006) .
Spatial analysis
The aforementioned layer of radiata stands generated from the NFM was overlaid to the ASTER image to select the surface occupied by the species to be quantified (which resulted in 69.39 km 2 of radiata stands). The values obtained in all the coinciding pixels were accordingly classified and displayed, resulting in layouts of spatial distribution patterns of stand basal area, volume and aboveground stem biomass.
RESULTS AND DISCUSSION
Firstly, concerning the correlation study, a summary of the highest coefficients of Pearson's correlation is given in Table 5 . All the correlations between bands and stand variables are negative for both scenes, which is typical for coniferous stands (EKLUNDH et al., 2003) . Positive relationships between stand variables and GEMI and UW have been found. The highest values were obtained with UW and NIR band, followed by GEMI. This result was not surprising: different authors (PEDDLE; JOHNSON, 2000) stated that UW was the best band to estimate biophysical stand variables. Closer relationships between stand variables and RS data were found for W/C and Ws/Cs, followed by V.
Secondly, regarding the statistical models and the stand variables estimation, Table 6 shows the linear and nonlinear regression models for stand variables and the statistics of comparison for both scenes, including statistics obtained from the validation subsample.
The model that best fitted for all dependent variables was M5 (MUKKONEN; HEISKANEN, 2007) , providing the higher coefficients of determination (R 2 ) with but very few exceptions and better behaviour of the rest of statistics (RMSE and S%).
The outstanding predictive variables were NIR band and UW, integrated with other variables in an SVI or as single bands. In general, when considering one single predictive variable, the results were poorer than the ones obtained when combining two or three independent variables. The combinations between bands and vegetation indices showed especially good behaviours. An interesting remark as regards residuals inspection is that, almost in all cases, the model selected tends to overestimate the estimated variable. Overall, the residuals showed an appropriate behaviour, distributed around a mean value of zero.
Thirdly, with regard to validation, correlation coefficients and R 2 val were generally higher for the validation data set. When the regression models were applied to the validation data, RMSEval and S%val always increased. The comparison of results obtained for both images reinforces the corresponding discussions (SEVILLANO-MARCO, 2010) .
Finally, considering the spatial analysis based on the ASTER image, Figure 3 shows the spatial distribution of the estimated stand basal area, volume and aboveground biomass for the whole surface of radiata stands. It can be noted that among the sectors with high biomass, the application of the models provides high estimated values for volume and basal area. Bold: significant at the 0.01 level (2-tailed); Bold and italics: significant at the 0.05 level (2-tailed) CCD CBERS and ASTER data in dasometric characterization ... Sevillano-Marco, E. et al.
CONCLUSIONS
This research has investigated the feasibility of new satellite data at medium spatial resolutions, assessing the potential of multispectral images and providing regional evaluation for global scale land cover data sets. The relationships between stand variables and processed remote sensed data has been proved. The results showed that CBERS CCD and ASTER data can be used to estimate biophysical stand variables, in particular W, Ws, C stocks and V. RS allowed obtaining regression models statistically significant that can assist in forest management.
